Using a historic drought and high-heat event to validate thermal exposure predictions for ground-dwelling birds by Carroll, Matt et al.
Ecology and Evolution. 2017;7:6413–6422.	 	 	 | 	6413www.ecolevol.org
Received:	26	September	2016  |  Revised:	1	May	2017  |  Accepted:	30	May	2017
DOI: 10.1002/ece3.3185
O R I G I N A L  R E S E A R C H
Using a historic drought and high- heat event to validate 
thermal exposure predictions for ground- dwelling birds



































bird	 responses	 to	 temperatures	 that	are	predicted	 to	become	more	common	 in	 the	
future.	Our	findings	confirm	the	critical	importance	of	tall	woody	cover	for	moderating	
temperatures	 and	 functioning	 as	 important	 islands	 of	 thermal	 refuge	 for	 ground-	
dwelling	 birds,	 especially	 during	 extreme	 heat.	However,	 the	 potential	 for	 extreme	
heat	loads	within	thermal	refuges	that	we	observed	(albeit	much	less	extreme	than	the	
landscape)	 indicates	 that	 the	 functionality	 of	 tall	woody	 cover	 to	mitigate	 heat	 ex-
tremes	may	be	increasingly	limited	in	the	future,	thereby	reinforcing	predictions	that	
climate	change	represents	a	clear	and	present	danger	for	these	species.








tions	 (Jiguet	 et	al.,	 2006;	Parmesan	et	al.,	 2000),	 constrain	behavior	
(Austin,	1976;	Cunningham,	Martin,	Hojem,	&	Hockey,	2013;	Ricklefs	

































treme	heat	 conditions;	 accordingly,	 previous	 research	 has	 identified	
how	 fine	 scale	microrefuges	 can	 serve	 as	 thermal	 refuge	 for	 endo-
therms	 and	 ectotherms	 (Attum	 et	al.,	 2013;	 Carroll,	 Davis,	 Elmore,	
Fuhlendorf,	&	Thacker,	2015;	Lagarde	et	al.,	2012;	Wolf	et	al.,	1996).	
Despite	 the	 acknowledged	 importance	 of	 thermal	 refuge	 for	 many	
species,	 it	 remains	unclear	whether	thermal	 refuges	will	continue	to	
effectively	 buffer	 organisms	 from	 future	 heat	 extremes	 (Keppel	 &	






for	 species.	 Therefore,	 assessing	 how	 microhabitats	 buffer	 thermal	
extremes	will	be	important	for	linking	changes	in	climate	to	changes	
in	microclimate	(Goller,	Goller,	&	French,	2014;	Potter,	Arthur	Woods,	










in	 order	 to	 assess	 how	 climate	 change	 may	 influence	 endotherms	
are	 scarce	 (Boyles	 et	al.,	 2011;	 McKechnie	 et	al.,	 2012;	 Parmesan	
et	al.,	 2000)	 especially	 since	 such	 events	 can	be	 logistically	 or	 tem-
porally	 difficult	 to	 capture	 (e.g.,	 episodic	 heat	waves).	Nevertheless,	
the	 rates	 of	 catastrophic	 die	 offs	 and	 sublethal	 effects	 (e.g.,	 fitness	














are	 regularly	 confronted	 with	 thermal	 stress	 and	 potentially	 lethal	
microclimates	 due	 to	 high	 heat	 and	 solar	 radiation	 during	 summer	
in	 the	 Southern	Great	 Plains	 of	 North	America	 (Forrester,	 Guthery,	
Kopp,	&	Cohen,	1998;	Guthery,	2000;	Guthery,	Land,	&	Hall,	2001).	
Second,	 there	 is	 only	 a	 4.4°C	 difference	 between	 normal	 bobwhite	





F IGURE  1 Female	northern	bobwhite	(Colinus virginianus)	
photographed	in	western	Oklahoma,	USA











However,	 relative	 to	 historical	 records,	 the	 high	 heat	 that	 occurred	
during	 2012	 in	 the	 Southern	 Great	 Plains	was	 particularly	 extreme	
(i.e.,	ambient	temperature	up	to	43.4°C).	Specifically,	43	days	during	
the	 summer	 of	 2012	 had	 ambient	 temperatures	 (Tair)	≥	35°C	which	
exceeded	 the	 average	 summer	 maximum	 Tair	 reported	 for	 the	 re-
gion	 from	 2000	 to	 2014	 (33.3°C)	 (Arnett	 Oklahoma	Mesonet	 Site;	
Oklahoma	Mesonet,	2016a,b).	Therefore,	the	timing	of	our	study	pro-











2  | MATERIALS AND METHODS
2.1 | Study area
We	conducted	 our	 study	 at	 Packsaddle	Wildlife	Management	Area	





in	 clonal	mottes	 (i.e.,	 clumped	 thickets)	 (Peterson	&	Boyd,	1998).	A	
hybrid	form	of	sand	shinnery	oak	and	post	oak	(Quercus stellata)	also	
occurs	patchily	 in	 the	 study	 area	 and	 typically	 reaches	heights	well	
in	excess	of	1.8	m	(Wiedeman	&	Penfound,	1960),	thereby	standing	
much	 taller	 than	most	other	plant	 species	on	 the	surrounding	 land-
scape	 (Peterson	 &	 Boyd,	 1998;	 Figure	2).	 Detailed	 information	 on	
the	vegetation	community	of	the	study	area	is	provided	by	DeMaso,	
Peoples,	Cox,	and	Parry	(1997).
Located	 in	 the	 Southern	 Great	 Plains	 of	 the	 United	 States,	








20	days	 of	 Tair	 ≥39°C	which	 represents	 the	 heat	 stress	 and	 hyper-









2.2 | Capture and radio- marking
During	 the	 winter	 and	 spring	 (February–May)	 of	 2012,	 we	 used	
Stoddard	 style	 funnel	 traps	 (Stoddard,	 1931)	 to	 capture	 adult	 
bobwhites	 and	 each	 captured	 individual	 that	 weighed	 >130	g	 was	
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located	 radio-	marked	adults	4–7	 times	per	week	by	homing	 (White	



















from	May	 in	our	 study	period	because	May	2012	was	 characterized	
by	 extreme	drought	 (i.e.,	 only	 0.25	mm	of	 rainfall	 during	 the	month)	




and	 therefore	potential	 thermal	 stress	 in	 bobwhites.	 For	 each	 radio-	
tracking	occasion,	we	randomly	selected	radio-	marked	birds	(i.e.,	adult	
or	brood	with	attending	adult)	for	radio-	tracking	based	on	the	available	














black	 bulb	 thermometers	 (hereafter,	 black	 bulbs)	 which	 consisted	
of	 steel	 spheres	 coated	 with	 flat	 black	 paint	 (101.6	mm-	diameter;	
20	gauge	 thickness)	 that	were	placed	 at	 ground	 level	 at	 each	 loca-
tion	(Allred	et	al.,	2013;	Guthery	et	al.,	2005;	Hovick	et	al.,	2014).	To	
measure	and	record	Tbb,	each	black	bulb	was	fitted	with	an	internally	













a	commonly	used	methodology	 in	 the	 thermal	ecology	of	galliforms	
(Carroll,	 Davis,	 Elmore,	 Fuhlendorf,	 &	Thacker,	 2015;	 Carroll,	 Davis,	
Elmore,	&	Fuhlendorf,	2015;	Guthery	et	al.,	2005;	Hovick	et	al.,	2014).	
Therefore,	our	objective	was	to	obtain	an	 index	of	 thermal	environ-
ments	 exploited	 by	 bobwhites	 compared	 to	 those	 available	 on	 the	
prevailing	landscape.
Black	bulbs	were	deployed	at	adult	 (n	=	40)	and	brood	 locations	
(n	=	37)	 observed	 from	 11:00–17:00	hr	 on	 the	 day	 following	 radio-	






ment	has	been	 shown	 to	be	 substantially	 reduced	or	 ceased	during	
the	 heat	 of	 the	 day	 as	 they	 loaf	 and	 seek	 thermal	 refuge	 (Carroll,	
Davis,	 Elmore,	 Fuhlendorf,	 &	Thacker,	 2015).	To	 assess	 the	 thermal	
landscape,	we	also	conducted	thermal	sampling	at	104	stratified	ran-
dom	points	distributed	across	the	study	area.	We	obtained	stratified	
random	 points	 (i.e.,	 based	 on	 proportion	 of	 vegetation	 types)	 using	
a	vegetation	 layer	 in	ArcGIS	 10.3	 (Environmental	 Systems	Research	
Institute,	Redlands,	California,	USA)	that	was	created	using	125	train-
ing	 points	 and	 an	 additional	 215	 used	 for	 ground	 truthing.	A	 black	
bulb	was	placed	at	each	radio-	marked	non-	brood	attending	adult	and	
brood	attending	adult	location	and	Tbb	was	recorded	at	15-	min	inter-





at	adult	 (range:	18.33–41.85°C),	brood	 (range:	20.97–43.44°C),	 and	
random	sites	on	the	landscape	sites	(range:	23.92–43.44°C;	Table	1).
Before	 analysis,	we	 classified	days	with	maximum	Tair	<	35°C	 as	





≥	39°C	 represent	hyperthermic	 conditions	 (Guthery,	 2000;	Guthery	














dom	 sampling	 approach	 using	ArcGIS	 10.3	 (Environmental	 Systems	











cover.	Vegetation	 height	 at	 each	 sampling	 point	was	 classified	 into	



















and	mean	 hourly	 Tair	 recorded	 at	 onsite	weather	 stations	 (Tbb−Tair; 
Carroll,	 Davis,	 Elmore,	 Fuhlendorf,	 &	Thacker,	 2015;	 Carroll,	 Davis,	
Elmore,	&	Fuhlendorf,	2015).	The	resulting	values	were	tested	for	dif-
ferences	between	refuge	sites	and	random	sites	using	ANOVA	(Zar,	




























Although	 refuge	 locations	 provided	 microclimates	 that	 were	 much	





Vegetation	 heterogeneity	 (i.e.,	 patchiness	 of	 structure	 and	 canopy	
coverage)	 influenced	 the	 thermal	 patterns	 that	 we	 observed;	 spe-
cifically,	 the	 use	 of	 different	 thermal	 environments	 at	 refuge	 sites	
compared	to	random	sites.	For	example,	bobwhite	refuge	sites	were	






Site Tair Range (°C) Tbb Range (°C)
Tbb Mean 
(±SE)a
Adult 18.33–41.85 23.12–61.63 39.33	(±0.46)A
Brood 20.97–43.44 24.92–58.71 42.18	(±0.40)A
Random 23.92–43.44 30.17–72.43 52.23	(±0.27)B
aDifferent	letters	denote	significant	differences	(p	<	.05)	(Tukey’s	multiple	
comparisons).
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(n = 181; F2,175	=	84.79,	p	<	.001)	 (Figure	2).	 Specifically,	mean	 (±SE)	
angle	of	obstruction	 (i.e.,	 angle	of	 vertical	 and	overhead	vegetation	
cover)	 was	 more	 than	 twofold	 greater	 at	 adult	 (73.45	±	1.75)	 and	
brood	refuge	sites	(79.38	±	1.13)	than	at	random	sites	(35.21	±	2.44).	
Additionally,	 adult	 and	brood	 refuge	 sites	afforded	 two-	and	 three-
fold	 greater	 percent	 woody	 cover	 than	 at	 random	 sites,	 respec-





































Tall woody Low woody Herbaceous
<35°C 43.75 56.25 0.00
≥35	–	<39°C 82.75 17.25 0.00
≥39°C 100 0.00 0.00
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to	heat	extremes	which	approximate	conditions	that	are	predicted	to	
become	more	common	in	the	future	(United	States	Global	Research	
Change	Program	2014).	Our	 results	agree	with	 findings	 from	previ-
ous	 studies	 that	 have	 shown	 the	 thermal	 importance	of	 tall	woody	
cover	for	ground-	dwelling	birds	(Goldstein,	1984;	Martin	et	al.,	2015;	
McKechnie	 et	al.,	 2012),	 but	most	 importantly,	 showcases	 how	 tall	
woody	 cover	 functions	 as	 critical	 islands	 of	 thermal	 refuge	 during	
extreme	 heat.	 Tall	 woody	 cover	 provided	 refuge	 from	 Tbb	 that	 ex-
ceeded	lethal	thresholds	for	bobwhites	(Guthery,	2000;	Guthery	et	al.,	
2001)	 as	well	 as	most	biota	 (i.e.,	Tbb	>	50°C)	 (Calder	&	King,	1974).	
Additionally,	the	cooler	microclimates	observed	at	refuge	sites	com-
pared	to	the	surrounding	landscape	(i.e.,	16.51	and	10.88°C	cooler	at	




&	 Hainsworth,	 1968,	 1969).	 Nevertheless,	 the	 high	 Tbb	 observed	










have	 the	 option	 of	 avoiding	 extreme	 heat	 by	 seeking	 underground	
burrows	 (Beck	&	Jennings,	 2003;	Mack	 et	al.,	 2015),	 bobwhites	 are	
limited	to	seeking	above-	ground	refuges	which	are	typically	comprised	






vironments	 at	 different	 scales	 than	 adults	with	 broods,	 even	within	






















reduced	 functionality	 of	 tall	woody	 cover	 as	 refuge	 sites	 has	 direct	
implications	 for	bobwhite	populations	 in	 the	hottest	and	driest	part	
of	their	distribution	whose	persistence	is	suggested	to	be	intrinsically	
linked	 to	 the	presence	of	 tall	woody	cover	 (Guthery,	2000).	 In	 such	




By	 2100,	 summers	 are	 predicted	 to	 become	 hotter	 with	 more	
frequent	and	extreme	heat	waves	and	drought	in	the	Southern	Great	
Plains	 (United	 States	 Global	 Research	 Change	 Program	 (USGCRP),	
National	Climate	Assessment,	2014).	Currently,	an	average	number	of	
7	days	per	year	exceed	37.8°C	in	the	Southern	Great	Plains	but	this	
number	 is	 expected	 to	 increase	 by	 fourfold,	 and	 thus,	 organisms	 in	
the	 region	will	 be	 faced	with	 higher	 temperatures	more	 frequently	
(United	States	Global	Research	Change	Program	(USGCRP),	National	
Climate	Assessment,	2014).	For	example,	recent	studies	have	shown	
that	 time	spent	during	 thermally	 stressful	 conditions	 is	predicted	 to	







(Cunningham,	 Martin,	 &	 Hockey,	 2015;	 Cunningham,	 Martin,	 et	al.,	
2013;	du	Plessis	et	al.,	2012).	Interestingly,	we	found	that	the	Tbb ob-
served	in	our	study	approached	and	in	some	cases	exceeded	predicted	
Tbb	 under	 low	 emission	 climate	 scenarios	 (i.e.,	 15:00	 and	 17:00	hr	
at	brood	sites;	Carroll,	Davis,	Elmore,	Fuhlendorf,	&	Thacker,	2015).	















stages,	we	were	 able	 to	depict	 conditions	 that	may	be	 faced	under	
future	extremes	that	would	not	be	possible	with	broader	scale	climate	
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